We serially evaluated the effects of sepsis and/or necrotizing enterocolitis (NEC) on neonatal thrombopoiesis, using a panel of tests that included platelet counts, thrombopoietin concentrations (Tpo), circulating megakaryocyte progenitor concentrations (CMPs), and reticulated platelets (RPs). Variables analyzed included sepsis type, time after onset of sepsis, platelet counts, and gestational (GA) and postconceptional ages (PCA). Twenty neonates were enrolled. Ten had Gram-negative, six had Gram-positive, and four had presumed sepsis. Four neonates had NEC stage II or higher, and six developed thrombocytopenia. Overall, septic neonates had significantly elevated Tpo concentrations and circulating megakaryocyte progenitors. The highest Tpo levels were associated with Gramnegative or presumed sepsis. RP percentages were increased only in neonates with low platelet counts, while RP counts (RP% ϫ platelet count) were elevated in neonates with high platelet counts. Our findings suggest that septic neonates up-regulate Tpo production, leading to increased megakaryocytopoiesis and platelet release, although the degree of upregulation is moderate. The changes in RP% and RP count most likely reflect increased thrombopoiesis with variable degrees of platelet consumption. In addition, our findings suggest that different factors, likely including level of illness and/or specific platelet or bacterial products, can down-regulate the magnitude of the thrombopoietic response. 
T hrombocytopenia is one of the most frequent hematologic abnormalities in the neonatal period, affecting 18 -35% of all patients admitted to the Neonatal Intensive Care Unit (1, 2) , and up to 73% of extremely low birth weight infants (birth weight Յ1000 g) (3) . In approximately 20 -25% of these cases, the platelet count reaches a level believed to significantly increase the risk for hemorrhage (platelet count Ͻ50,000/L) (4), with sepsis and necrotizing enterocolitis (NEC) being among the most common causes of severe neonatal thrombocytopenia. Treatment with platelet transfusion(s) is frequently provided to these infants in an attempt to diminish the occurrence and severity of hemorrhages. However, platelet transfusions carry several risks, including anaphylaxis, graft-versus-host disease, transmission of infection, and transfusion associated lung injury.
Because of these risks, thrombopoietic growth factors (i.e. thrombopoietin mimetics) are being investigated as alternatives to platelet transfusions (5, 6) . Based on the duration and severity of thrombocytopenia, neonates with sepsis and/or NEC could be potential candidates for therapy with thrombopoietic growth factors. However, it is unclear whether decreased platelet production contributes to their thrombocytopenia. In this regard, previous studies have reported elevated plasma thrombopoietin (Tpo) concentrations in neonates and children with sepsis (7, 8) . The interpretation of these findings has been difficult, given the interplay of factors regulating circulating Tpo levels. Early studies of plasma Tpo concentrations concluded that hepatic Tpo production was constitutive, and that circulating Tpo levels were inversely regulated by the number of receptors (on hematopoietic progenitors, megakaryocytes, and platelets) available for binding (9, 10) . Thus, elevated Tpo levels were considered synonymous with decreased megakaryocytes. More recent studies demonstrated that Tpo expression is up-regulated in inflammatory conditions, a response mostly mediated by IL-6 (11) (12) (13) . Therefore, the significance of increased Tpo concentrations in neonatal sepsis is difficult to assess in the absence of other indicators of platelet production.
We designed this study to determine whether neonates upregulate Tpo production and thrombopoiesis during sepsis and/or NEC, or whether elevated Tpo levels that have been described are reflective of sepsis-associated bone marrow suppression, and therefore decreased numbers of receptors available for binding (14, 15) . To answer this question, we used a panel of laboratory tests to evaluate platelet production using only peripheral blood samples. These tests included plasma thrombopoietin concentrations, concentrations of circulating megakaryocyte progenitors (CMPs), and reticulated platelets (RPs), which were compared with previously published normal ranges for neonates established in our laboratory (16 -18) .
Each one of these tests was designed to evaluate a different step in the process of platelet production. Specifically, Tpo is the most potent known stimulator of thrombopoiesis in the fetus, neonate, and adult (19 -21) . Plasma Tpo concentrations, measured by ELISA, reflect the balance between Tpo production and availability of Tpo receptors (14, 15) . Megakaryocyte progenitors are cells that proliferate and generate large numbers of megakaryocytes. These progenitors can be identified by their ability to form megakaryocyte colonies when cultured in semisolid media with appropriate stimulatory cytokines. In neonates, megakaryocyte progenitors circulate in the blood, and their concentration is thought to reflect the concentration of bone marrow megakaryocytes and progenitors (16, 22, 23) . Reticulated platelets (RP) are newly produced platelets (Ͻ24-h old) that contain residual RNA (RNA) (24) , which allows them to be detected and quantified in the blood using flow cytometry (17, 25) . The reticulated platelet percentage is frequently used as a measure of platelet release, although some experts advocate the use of reticulated platelet counts (RP% ϫ platelet count) as a more accurate parameter.
In combination, these tests allowed us to assess three of the four major steps of platelet production (production of the thrombopoietic stimulus, megakaryocyte proliferation, and platelet release). This panel of tests was also chosen based on a number of previous studies in children and adults, which demonstrated that the use of several tests in combination was better at differentiating disorders of production from disorders of consumption than any single test (20, 26, 27) . Specific mechanisms of thrombocytopenia that have been identified applying some or all of these tests, and the interpretation of different patterns, are summarized in Table 1 .
PATIENTS AND METHODS
Neonates admitted to the NICU at Shands Hospital at the University of Florida between November of 2003 and November of 2005 who were treated for confirmed or presumed sepsis were eligible for study. Confirmed sepsis was defined as a positive blood culture accompanied by clinical signs of infection and a full course of antibiotics, and presumed sepsis was defined using strict preset criteria (Table 2 ). Approval for this study was obtained from the University of Florida Institutional Review Board. Signed informed consent was obtained from the mothers of all neonates enrolled. After enrollment, patients underwent serial blood draws on d 3-4, 7-8, and 12-14 after the initial sepsis work up. These time points were chosen based on the literature, with the intention to capture the peak Tpo concentrations after the onset of sepsis (d 3-4), the peak response to an increase in Tpo (d [7] [8] , and the resolution of thrombocytopenia or the onset of thrombocytosis following infection (d [12] [13] [14] . Platelet counts, plasma Tpo concentrations, CMPs, and RPs were measured at each time point. For the purposes of this study, thrombocytopenia was defined a priori as a platelet count Ͻ100,000/L.
Nonthrombocytopenic healthy neonates enrolled in three previously published studies carried out by our group established reference ranges for the tests applied in the present study. Briefly, plasma Tpo concentrations were measured in 47 nonthrombocytopenic neonates with a mean gestational age (GA) of 35 Ϯ 5 wk (range 26 -42) . Their median Tpo concentration was 93 pg/mL, and the mean was 81.4 Ϯ 8.4 (18) . Forty-two nonthrombocytopenic neonates were studied to establish the normal concentration of CMPs. The mean GA of these infants was 31 Ϯ 5 wk (range [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and their mean postconceptional age (PCA, gestational age ϩ weeks of life) was 33 Ϯ 4.8 wk (range [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . The mean CMP concentration was 99.5 Ϯ 13.6 (16) . Normal RP% were established in 37 nonthrombocytopenic neonates with a mean gestational age of 31 Ϯ 4.5 wk (range 25-41) and a PCA of 33 Ϯ 4.2 wk (range 27-41). The mean RP% was 2.6 Ϯ 1.4% (17) .
Blood (1.6 mL), obtained from a venous or arterial central line (when available) or by venipuncture, was immediately placed in a citrated tube and processed. 
Table 2. Preestablished criteria for presumed sepsis
CBC with an I/T ratio* Ͼ20% or and acute platelet drop to Յ100,000/L AND Antibiotic and/or antifungal therapy will be continued for Ն72 hours AND Patient has at least one clinical sign or symptom from each of Ն2 of the defined categories listed below in the preceding 48 hours Respiratory Apnea (defined as cessation of breathing for Ͼ20 seconds or cessation of breathing that results in cyanosis or bradycardia) Unexplained tachypnea (defined as respiratory rate Ͼ60 breaths/minute) Unexplained nasal flaring, retractions or grunting † Unexplained increase in the oxygen requirement † Cardiovascular Bradycardia (defined as a heart rate Ͻ100 beats/minute in premature infants or Ͻ80 beats/minute in term infants) or tachycardia (heart rate Ͼ180 beats/minute) Hypotension requiring intervention Poor peripheral perfusion † Neurologic Lethargy † Irritability † Seizures Gastrointestinal
Abdominal distension † Feeding intolerance (defined as emesis or increased gastric residuals) † Autonomic Fever (defined as central temperature Ն38°C measured twice, at least one hour apart) Temperature instability † * I/T ratio is the number of immature neutrophil cells divided by the total neutrophil number.
† Deemed significant by the attending physician.
Platelet counts. Complete blood counts with platelets were obtained using a Coulter AcT10 cell counter (Beckman Coulter, Inc., Fullerton, CA).
Plasma Tpo concentrations. Blood was spun at 1000 G for 30 min. The supernatant was then transferred to a new microfuge tube and spun at 10,000g for 10 min. The remaining supernatant (platelet-poor plasma) was stored at ՅϪ70°C until analysis. Plasma Tpo concentrations were measured using a commercially available ELISA (R&D Systems, Minneapolis, MN) with a lower detection limit of 15 pg/mL.
Circulating megakaryocyte progenitor assay. CMP assays were carried out using our previously published methods (16) . Briefly, light density mononuclear cells, isolated from whole blood using gradient centrifugation, were cultured in a serum-free, semisolid growth medium (MegaCult, StemCell Technologies, Vancouver) with 50 ng/mL rhTpo (Peprotech, Rocky Hill, NJ). Cells were plated in double-chamber slides at a final density of 5 ϫ 10 5 light density mononuclear cells per slide. After 10 -12 d, the slides were dehydrated, fixed, and immunohistochemically stained with a mouse antihuman GPIIb/IIIa antibody (MegaCult staining kit, StemCell Technologies, Vancouver). Megakaryocyte colonies were then counted using a standard microscope. Results were expressed as number of megakaryocyte colonies per 5 ϫ 10 5 light density mononuclear cells plated. Reticulated platelets. Reticulated platelets were quantified following our previously described method (17) . In brief, whole citrated blood was fixed overnight, incubated with and without RNase (Sigma Chemical Co., St. Louis, MO) and stained with an anti-CD41 antibody and with thiazole orange (TO; ReticCount, Becton Dickinson, Franklin Lakes, NJ), which stains RNA. Two-color flow cytometry (FacScan, Becton Dickinson, Franklin Lakes, NJ) was used to detect the CD41 antigen on the surface of the platelets and their RNA content. The RNase treated sample was used to correct for nonspecific staining of platelet granules by TO. Thus, the RP% was calculated by the following equation:
Total number of CD41 ϩ events
The reticulated platelet count, which represents the absolute concentration of reticulated platelets in the blood, was also calculated by multiplying the RP% by the platelet count.
Statistical analysis. Before statistical analysis, platelet counts, thrombopoietin levels, and RPs were subjected to logarithmic transformation to better meet the assumption of normality. For these variables, statistical methods were applied on the transformed variables, and results were reported on the original scale. Circulating megakaryocyte progenitors were directly analyzed, without logarithmic transformation. The data were analyzed using a mixed model analysis, and GA, postconceptional age, and platelet count were treated as potential covariates. Comparisons between thrombocytopenic and non-
RESULTS
A total of 20 neonates (12 males) were enrolled. Their mean GA was 30.1 wk (range 24 -40) , and mean PCA was 35.5 wk (range 28.5-48). Six patients had Gram-positive sepsis, 10 had Gram-negative sepsis, and four had presumed sepsis. Four neonates were diagnosed with NEC stage II or higher. Clinical characteristics of the study subjects are summarized in Table  3 . Overall, patients with Gram-negative sepsis appeared sicker in response to the infection, compared with the other two groups. Four of the patients enrolled died before discharge, but none died during the study period.
Platelet counts. Six neonates developed thrombocytopenia (platelet count Ͻ100,000/L), three with nadir platelet counts Ͻ50,000/L. All three patients with platelet counts Ͻ50,000/L had Gram-negative sepsis. However, the mean platelet counts in the three sepsis groups were not statistically different from each other (p ϭ 0.17). Other variables examined (GA, PCA, and NEC) did not have a significant effect on the platelet count.
Tpo concentrations. Overall, septic neonates had higher Tpo concentrations than those previously reported in healthy neonates (18) (180.5 Ϯ 16.5 pg/mL versus 81.4 Ϯ 8.4 pg/mL, respectively; p Ͻ 0.0001), although the type of infection significantly influenced the magnitude of this increase. Specifically, patients with Gram-negative and presumed sepsis had higher Tpo concentrations than healthy neonates (146 Ϯ 24 pg/mL and 278 Ϯ 73 pg/mL, respectively, versus 81.4 Ϯ 8.4 pg/mL in normal neonates; p Ͻ 0.05). Tpo concentrations in patients with Gram-positive sepsis also tended to be higher than those of healthy newborn infants, although this difference was not statistically significant (137.6 Ϯ 32 pg/mL compared with 81.4 Ϯ 8.4 pg/mL; NS).
Gestational age and postconceptional age did not significantly correlate with plasma Tpo concentrations, and neither did the diagnosis of NEC. However, Tpo decreased as the platelet count increased, with a negative coefficient of Ϫ0.0007 (p ϭ 0.006).
Circulating megakaryocyte progenitors (CMPs). Overall, septic neonates had significantly higher concentrations of circulating megakaryocyte progenitors than healthy neonates (16) Among the other co-variables examined, the PCA was inversely correlated with circulating megakaryocyte progenitors, with a coefficient of Ϫ7.5, implying that the concentration of circulating megakaryocyte progenitors decreased by an average of 7.5 for every week of life, while controlling for all the other covariates. The platelet count and the diagnosis of NEC did not have significant effects on circulating megakaryocyte progenitor concentration.
Reticulated platelets. Unlike with the previous two measures of thrombopoiesis, the mean RP% in septic neonates was not different from that in healthy neonates (17) . Specifically, the mean RP% was 2.7 Ϯ 0.45% in neonates with Gramnegative sepsis, 1.68 Ϯ 0.38% in neonates with Gram-positive sepsis, and 2.34 Ϯ 0.65% in those with presumed sepsis, all of them comparable to our previously reported mean RP% of 2.6 Ϯ 1.4% in normal neonates (17) . Other variables examined (i.e. GA, PCA, and NEC) did not have a significant effect on RP%. However, there was a significant inverse correlation between RP % and platelet count (r ϭ Ϫ0.43, p ϭ 0.002; Fig. 2A) .
As with the RP% we found no difference in RP count between neonates with and without sepsis. Neither the presence of NEC nor thrombocytopenia significantly correlated with the RP count. However, there was a significant positive correlation between RP count and platelet count, indicating that higher platelet counts were associated with higher RP counts (p ϭ 0.001; Fig. 2B ).
DISCUSSION
Sepsis and necrotizing enterocolitis in neonates are frequently accompanied by thrombocytopenia. However, the exact mechanisms underlying the thrombocytopenia in these conditions remain unclear, and it is not known whether septic neonates have increased or decreased platelet production, and if so, at what step the process of thrombopoiesis is affected. This study was designed to address this question by evaluating the status of platelet production in septic neonates using a panel of tests reflecting different steps in thrombopoiesis. Consistent with other studies in neonates and children with infection (7, 8, 11) , septic neonates in our study had elevated plasma Tpo concentrations, compared with healthy neonates (18) . However, this elevation was mostly evident in neonates with presumed sepsis and was only moderate in patients with Gram-negative and Gram-positive sepsis. Neonates with Gram-negative sepsis appeared to be sicker than those in the other groups, thus contradicting findings in adults, in whom the severity of sepsis has been reported to be the major determinant of circulating Tpo levels (28) . In this regard, previous studies have suggested that neonates might have developmental limitations in their ability to up-regulate Tpo production compared with adults (18, 29) , although the influence of level of illness or specific bacterial products on these findings is unknown. Significant interindividual differences in the response to stress were also observed, as exemplified by patient # 18 (Table 3) , who had an initial Tpo concentration of 1268 pg/mL (the highest in our study), which 2 wk later presumably led to a platelet count of 948,000/L. The presence of this patient in the presumed sepsis group, combined with the small sample size of that group (n ϭ 4), may have contributed to the observation that neonates with presumed sepsis had the highest Tpo concentrations.
Among other factors investigated, we also found that the platelet count had a significant inverse association with Tpo concentration. A correlation between platelet counts and Tpo concentrations has been previously found by some investigators (7, 11, 28) , but not by others (8, 30, 31) , likely reflecting the fact that the platelet count is one of several factors that determine the ultimate circulating Tpo concentration in patients with infections.
Circulating megakaryocyte progenitors have been used as an indirect measure of megakaryocytopoiesis in neonates, based on the demonstration of a correlation between circulating and marrow megakaryocyte progenitors in children (22) . In neonates, we have previously demonstrated that CMPs also decrease with increasing postconceptional age, a factor that has to be taken into account when interpreting the results of this assay (16) . As in our previous study in healthy neonates, we again found an inverse correlation between PCA and concentration of CMPs in this cohort of septic infants.
Overall, our current study revealed increased concentrations of CMPs in septic neonates compared with their healthy growing counterparts, suggesting that Tpo elevations are accompanied by increased megakaryocytopoiesis. Among the variables examined, the type of infection and the time after the onset of infection had the most significant effects on the concentration of CMPs. Neonates with Gram-negative infections, the group with the highest incidence of thrombocytopenia, had the least pronounced (although most persistent) elevations in CMPs. While the explanation for this finding is unclear, it is possible that their increased severity of illness led to some degree of suppression of megakaryocytopoiesis. This explanation is consistent with our previous findings of decreased megakaryocytes in postmortem bone marrow specimens compared with marrow samples from living neonates (32) . A number of mechanisms could contribute to these observations, including the relatively modest levels of Tpo up-regulation or high levels of platelet factor 4 being released from activated platelets during severe sepsis. It has been recently demonstrated that platelet factor 4 is a negative regulator of megakaryocytopoiesis, inhibiting megakaryocyte proliferation (33) . Alternatively, it is possible that specific bacterial products released from Gram-negative organisms suppressed megakaryocyte proliferation.
Among the parameters studied, the RP% was the only one that was not significantly increased in septic compared with normal neonates. Neither type of infection nor time after onset of infection had a significant effect on the RP%. However, there was a significant inverse correlation between platelet count and RP%. These observations are consistent with a previous study in healthy adults, in which infusion of endotoxin induced an abrupt decrease in platelet counts, followed by a rapid rise in RP% (34) .
To determine whether a high RP% translated into an absolute increased concentration of newly released platelets, we evaluated RP counts. Increased RP counts were observed mostly in neonates with high platelet counts, but not in infants with thrombocytopenia. Although the mechanisms underlying these observations are unknown, this constellation of findings can be explained by the model proposed in Figure 3 . According to this model, both platelet production and platelet consumption are increased in neonates with sepsis, but there is variability in the degree to which these processes are affected in individual patients at any given time point, thus leading to the three clinical scenarios proposed. As evidenced in Figures  2A and B , measurements obtained at times when platelet consumption exceeded platelet production were characterized by low platelet counts, high RP%, and low to normal RP counts. If platelet production and consumption were equilibrated, all three parameters were within normal limits. However, if the rate of platelet production exceeded the rate of platelet consumption, the platelet count and the absolute RP counts increased, while the RP% remained close to normal. The latter case scenario is consistent with observations in adult patients with immune thrombocytopenic purpura, in whom treatment with a thrombopoietin mimetic increased platelet counts and absolute immature platelet fractions (the clinical equivalent of a reticulated platelet count), while the immature platelet percentage remained relatively unchanged (Psaila B et al. American Society of Hematology, December 9 -12, 2006, Orlando, FL).
In summary, we recognize the limitations of our study, including the small sample size and the lack of direct or quantitative measurements of platelet consumption or marrow megakaryocytes. However, we believe our findings provide new insights into the mechanisms underlying the thrombocytopenia of neonatal sepsis. Specifically, our observations strongly suggest that neonates respond to sepsis by upregulating Tpo production and thrombopoiesis, although the degree of up-regulation is modest. Thrombocytopenia ensues when the rate of platelet consumption exceeds the rate of platelet production. In addition, our findings suggest that severe illness, or alternatively specific platelet or bacterial products, down-regulate the magnitude of the thrombopoietic response, and can lead to a state of "relative hypoproliferation," previously defined as a less than twofold increase in megakaryocytopoiesis in response to thrombocytopenia (35) . It remains to be determined whether the response of neonates to increased platelet demand (in sepsis or in other processes) is quantitatively similar to that of adults with similar pathophysiologic processes, or whether the recently described developmental differences in the ability of neonates to increase megakaryocyte size (32) and Tpo production further limit their ability to up-regulate platelet production. If so, the potential effects of therapy with thrombopoietin agents would warrant further study in this population.
